During the ex vivo storage of red cell concentrates, red blood cells (RBCs) lose their membrane by shedding microvesicles (MVs). MVs, also termed microparticles or ectosomes [1] , are small membrane-derived fragments around 0.1-3.0 μm in diameter that shed from the cell membrane of various cells during cell activation or apoptosis [2] . Cellular origin of MVs is characterized by cell-specific markers from the parental cells located on their surfaces, such as glycophorin A (Gly.A) and glycoprotein Ib antigens that are used to identify erythrocyte and platelet-derived MVs, respectively [3, 4] .
Summary
Background: Red blood cells (RBCs) undergo structural and biochemical alterations during storage which are collectively called RBC storage lesion and cause a decrease in RBC recovery and survival. During storage, erythrocytes release an increasing number of microvesicles (MVs) that have key roles in biological processes. We aimed to investigate the procoagulant activity (PCA) of RBC-derived MVs during storage. Methods: 20 packed RBCs were stored for up to 42 days. Samples were taken at seven different times and evaluated for the presence of RBC-MVs. MVs were separated, and following filtration flow cytometry was used to characterize RBC-MVs based on the expression of glycophorin A (Gly.A) and annexin V (AnnV) antigens. The coagulant activity of RBC-MVs was tested by clotting time (CT) and PCA assays. Results were compared before and after filtration. Results: Flow cytometry revealed a 17.6-fold increase in RBC-MVs after 6 weeks of storage. Significant correlations were found between AnnV+ MVs and PCA (r = 0.96; p < 0.001), and CT (r = -0.77; p < 0.001) which was associated with increased PCA and shortened CT with RBC aging. Filtration of samples efficiently removed MVs (p < 0.001) and also reduced in vitro PCA of MVs (p < 0.001). Conclusion: RBC-MVs are procoagulant (particularly AnnV+ MVs) Reduction of MVs from RBC concentrates may reduce the risk of transfusion-induced thrombotic complications.
shown that the MV count in RBC concentrates gradually increases over time, suggesting that these MVs might be responsible for the adverse clinical outcome of transfusions [9, 11] . There is evidence indicating that MVs may be considered a prognostic and diagnostic biomarker of disease [12] . Despite recent improvements in how to identify MVs, there is still a lack of consensus between relevant studies. Therefore, to have a better understanding of MV populations, and also to determine standard definitions around MVs, it seems necessary to do more research on various cell-derived MVs.
A wide variety of methods is used to analyze MVs, including flow cytometry, functional assays, capture-based assays, and proteomic methods. Flow cytometry appears to be the most commonly used method for the assessment of cellular origin and enumerating MVs in physiological and pathological conditions [3, 4] .
We aimed to characterize RBC-MV populations based on a flow cytometry method and to determine correlations between MVs and procoagulant activity (PCA) and clotting time (CT) assays during RBC storage. In this study, flow cytometric analysis was performed with a precise number of beads to determine MV count, and cell-specific antibodies were used to identify the origin cell of the MVs. We also investigated the impact of filtration to reduce MV count in the samples and to determine what effect this may have on PCA.
Material and Methods

RBC Preparation and Sampling
In the current study, packed leuko-depleted RBCs from 20 healthy volunteers who did not have any known coagulation disorder were prepared by the Iranian Blood Transfusion Organization (IBTO) and stored under routine blood banking conditions (4 ° C) for 6 weeks. All donors selected had normal screening tests determined by the prothrombin time (PT), activated partial thromboplastin time (APTT), and platelet count. After informed consent, whole blood (450 ± 45 ml) was obtained through clean phlebotomy of an antecubital vein using 16-gauge needles (BD Vacutainer needles) and collected in to blood bags (Fresenius Kabi, Homburg, Germany), containing 63 ml citrate phosphate dextrose (CPD) as an anticoagulant. The units were then immediately centrifuged at 2,000 × g for 20 min at 4 ° C, to separate plasma; then RBCs were suspended in 100 ml of saline-adenine-glucose-mannitol solution. Leukocytes and platelets were removed by an in-line leukocyte depletion filter. Samples were collected weekly from the RBCs by a sterile sampling device, starting at the day of donation and ending at the expiration date of storage (d0, d7, d14, d21, d28, d35 and d42).
MV Isolation and Filtration
Samples were evaluated for the presence of cell-derived MVs. At first, MVs were isolated from the RBC concentrate with centrifugation. For this purpose, 10 ml of RBCs was mixed with 2 ml of phosphate-buffered saline (pH 7.4) and centrifuged at 2,000 × g for 10 min at 10 ° C. The supernatant was centrifuged again with this protocol to exclude residual RBCs. The centrifuge brake was set to 'off' to prevent mixing RBCs with the supernatant. The top two-thirds of the double-centrifuged plasma was then removed, and half was filtered using a TPP syringe filter 0.22 µm (Switzerland) to remove MVs. This was done in order to confirm the action of MVs in the unfiltered aliquots. For the functional assay, pre-and post-filtration samples were stored at -70 ° C until use. The cellular origin and concentration of MVs were determined immediately pre-and post-filtration of RBC supernatant. Samples (50 µl) were labeled with anti-Gly.A (5 µl), anti-CD42b (5 µl), and PE-IgG2b isotype control (5 µl) for 30 min at 4 ° C in the dark. Also, 50 µl of samples were added to test tubes containing 300 µl binding buffer (0.1 mol/l HEPES / pH 7.4, 1.4 mol/l NaCl, and 25 mmol/l CaCl 2 ), and then conjugated AnnV-FITC (5 µl) was added. After a 30-min incubation at room temperature in the dark, samples were analyzed. Before analysis, 5 µl of well-mixed 1.0 µm beads that were diluted 1: 500 in double-distilled water were added to each sample.
MV Quantification by Flow Cytometry
The concentration of RBC-MVs was calculated by comparison to the bead concentration. The number of RBC-MVs was measured in relation to 10,000 beads events. In order to discriminate true events from background noise, MVs were defined by size (less than 0.1 μm), RBC origin (Gly A) and PS exposure (AnnV+) as previously described [3, 4] . The absolute count of MVs/μl was calculated as follows:
Clotting Time Assay
We also assessed the impact of RBC-MVs on CT. In this study, CT was performed by adding plasma containing RBC-MVs (100 µl) to the normal pooled plasma (100 µl). The mixture was then kept in a warm water bath for 2 min. Afterward, 100 μl of pre-warmed 25 mmol/l CaCl 2 (without any other coagulant factors) was added to the mixture in order to allow clotting to initiate, and then CT was recorded. In the control tube, phosphate-buffered saline was added instead of the MV suspension. Each sample was measured in duplicate.
Determination of PCA PCA of MVs was measured using a functional ELISA assay (Zymuphen MPactivity; Hyphen BioMed, Neuville-sur-Oise, France) which is intended to assess PS expression. A microELISA plate is pre-coated with AnnV-streptavidin to capture the MVs from the plasma. Briefly, the calibrator (100 µl) and 1: 20 diluted pre-and post-filtration samples (containing calcium, factor Xa (FXa) and thrombin inhibitors, 100 µl) were added to the plate wells and then incubated for 1 h at 37 ° C. After 5 washing steps, unbound materials were washed away. Then a mixture containing the clotting factors FXa, FVa, calcium (100 µl), and prothrombin (50 µl) were added. Procoagulant MVs present in the sample by means of PS bind to AnnV and allow FXa-FVa, to cleave prothrombin into thrombin. After a 10-min incubation at 37 ° C and addition of specific chromogenic substrate (50 µl) and 2% citric acid as reaction stopping solution (50 µl), the amount of generated thrombin that correlates with the number of procoagulant MVs was measured and color was read at 405 nm. Results were calculated according to the calibration curve, and were expressed as nanomolar PS (nM PS) equivalents.
Statistical Analysis
Data are presented as mean + standard deviation (SD). Repeated measure ANOVA, paired t-test, and Pearson correlation were used for data analysis. 
Results
Flow Cytometry
Flow cytometric analysis of erythrocyte concentrates revealed that all samples tested had MVs. At first, MVs were gated on the basis of their specific FSC and SSC signals ( fig. 1a,b) . As shown, RBC-MVs were seen as the population slightly smaller and with lower SSC than the 1.0 µm beads. Afterward, RBC-MVs were further identified by labeling with fluorescent AnnV ( fig. 1c ) and Gly A ( fig. 1d ) markers.
The number of total MVs increased during storage in all cases. Moreover, the difference between the number of MVs on day 42 (51,085.5 ± 11,430.8/µl) compared to day 0 (4,160.1 ± 1,224.3/µl) was statistically significant; MVs increased approximately 12.2 times from day 0 to day 42 (p< 0.001; fig. 2a ). As seen in previous reports, there was a significant variation of the MVs counted between samples that were obtained from different donors [4] . *Data are presented as mean ± standard deviation; d0 = day 0; d42 = day 42 of storage. (table 1) .
Measured numbers of Gly.A+ MVs which represent RBC-derived MVs were observed to increase from approximately 2,800 ± 845.3/µl in fresh samples to approximately 49,339 ± 8,632.1/µl in older erythrocyte concentrates (p< 0.001; fig. 2b ). As expected, the majority of total MVs were of RBC origin and had a positive staining for Gly.A (87.3%, fig. 1d ). The MVs were also positive for AnnV (44%, fig. 1c ) and the platelet marker CD42b (10%, fig. 1e ). The number of MVs positive for platelet marker CD42b was 1,100 ± 672.8/µl on day 0 and decreased to 910 ± 752.4/µl on day 42 which is likely related to the fact that leukocyte-reduced RBCs contain a negligible amount of platelets ( fig. 2b) .
AnnV is a useful marker to determine the general levels of procoagulant MVs, and the progressive increase in the AnnV+ MVs over the cold storage period was statistically significant (18.7 times; p < 0.001). Although the number of AnnV+ MVs increased during RBC storage, their mean value was significantly lower than the mean number of total MVs and also RBC-MVs (p < 0.001). Total MVs increased from 1,484.5 ± 355.3/μl in day 0 and reached to 27,770 ± 6,097.7/µl on day 42 (fig. 2b ). The number of AnnV+ MVs correlated with the number of Gly.A+ MVs (r = 0.966; p < 0.001 by Pearson's test).
CT Assay
Compared with the controls, samples containing MVs had shorter CTs. During storage, procoagulant MVs increased, and there was a significant decrease in the CT. Interestingly, the CT was significantly (p < 0.001) lowered at day 42 compared to day 0 (129.6 ± 13.8 s vs. 218.3 ± 22.2 s) ( fig. 3a) . As expected, our results showed a significant inverse correlation between AnnV+ MV counts and CT ( fig. 3b ) (r = -0.776; p < 0.001 by Pearson's test).
PCA of MVs
The PCA of MVs was significantly increased with longer storage time (p < 0.001), and filtration of supernatants to remove MVs 
Discussion
In this study, we evaluated 20 units of packed RBC concentrates stored in SAGM to identify RBC-MVs and monitor them throughout their storage time.
The clinical importance of MVs has been increasingly identified, emphasizing the need for a better understanding of MVs' biological properties and their roles in disease [9] . Although a wide variety of methods are developed to characterize MVs, generally there is no standardized method to quantify them [13] . In our study, RBC-MVs in stored RBCs were detected using flow cytometry with different antibodies, especially anti-Gly.A and anti-AnnV. These antibodies were selected because they stain specific proteins on the RBC membrane known to be present on RBC-MVs.
Firstly, MVs were quantified on the basis of their size and density, and confirmed using 1.0 µm beads [14] , and then identified with specific fluorescent antibodies. It seems that MVs located near to the background noise are cell debris. It has been reported that RBC-MVs are smaller than other cell-derived MVs as characterized by electron microscopy [15] . It should be noted that the small size of RBC-MVs is the most common limitation that challenges the sensitivity of flow cytometry methods [16] , so when using the method, a limited number of MVs might be calculated.
Our experiments showed a gradual increase in the total count of MVs and also RBC-MVs during storage. Noteworthy, RBC-MV count varied significantly between fresh and 42-day-old samples (p < 0.001). In total, RBC-MVs that expressed Gly.A on their surface represented about 87.2% of the total MVs, and just 10% of MVs were of platelet origin. It can be suggested that fresh RBC concentrates contain different MVs derived from various cell types and that the gradual increase in the total count of MVs can be contributed only to the release of MVs from RBCs present in the concentrate [3, 4] . Significant differences in the numbers of RBC-MVs were also identified between donors. The precise reason for this variation remains unknown, but it appears that several factors like ABO blood group, age, and sex might play a role and should be investigated in future research [4, 17] . Levels of MVs can also be affected by pre-analytical steps such as sampling, centrifugation, and freezing. Centrifugation is a critical procedure to obtain MVs as it removes cells and debris prior to analysis [18] . For complete removal of RBCs from the supernatant, samples were centrifuged at 2,000 × g for 10 min. In our study, the number of RBC-MVs was associated with duration of storage at 4 ° C. Pre-storage leukoreduction also reduces the total number of both RBC-derived MVs and procoagulant particles. In the present study, the exact reasons for the increase in MV counts during storage of RBCs are unknown. However controversial, it has been demonstrated that microvesiculation process could be a way to delay immediate killing of RBCs when they are still viable and functional [19] .
Authors suggest that MV changes may be clinically important [20] , and further investigations are needed to determine how these changes can be related to the morbidity and mortality associated with blood transfusion. As shown by Koch et al. [21] , there is a link between duration of RBC storage and adverse side effects following blood transfusion in cardiac surgery. Based on their finding, transfusion of older erythrocytes in patients undergoing cardiac surgery strongly correlates with the risk of postoperative complications and reduces survival time. However, this issue is still controversial and some of the recently published prospective clinical trials have failed to replicate these findings and limited this link only to particular situations [22] . Increased level of MVs that are associated with coagulation abnormalities have been reported in hemolytic anemias, particularly sickle cell disease and thalassemia [23] . One of the key mechanisms contributing to the hypercoagulable state could arise from RBC membrane alteration and subsequent MV formation [24] . Externalization of PS after cell stimulation, cell aging, or in disease states changes the neutral membrane charge into a negative charge offer a docking site for assembly of coagulation enzyme complexes on the procoagulant MV surface [5, 6] . Moreover, PS increases the procoagulant ability of tissue factor, which is considered the principal initiator of the coagulation cascade, participating in thrombin generation. Taken together, expression of PS promotes effective hemostasis [25] .
For measuring general levels of procoagulant MVs, AnnV is a useful marker which binds to PS. In our investigation, flow cytometry analysis showed that approximately 44% of total MVs expressed PS on their surface, and this population increased progressively during storage (p < 0.001). In a study by Rubin et al. [22] , about 96% of RBC-MVs which were isolated from 42-day-stored RBCs were AnnV+. In addition, the amount of AnnV+ events varied greatly between donors, in accordance with previous studies by Dinkla et al. [25] , and Connor et al. [26] . They claimed a wide donor variation in the amount of PS in both fresh and stored RBC concentrates, and also showed that different types of MVs exhibit PS at varying levels, while some MVs do not bind to AnnV. Based on PS exposure, RBCMVs could support PCA [27] . We observed that adding supernatant containing RBC-MVs to normal pooled plasma containing calcium strongly reduced CT (p < 0.001). Aged RBC samples created shorter CT in comparison to fresh samples, and CT significantly correlated with the number of RBC-MVs as storage progressed. This finding is in agreement with the results of Rubin et al. [8] , who showed that plasma containing MVs caused a significant decrease in PT. As stated before, MVs have PCA, and it was suggested that transfusion of packed RBCs containing a high number of MVs could induce the risk of thromboembolic complications [28] .
In the present study, we also investigated the impact of MVs in filtered samples on the PCA assay. Double-centrifuged samples were filtered using a 0.22 µm syringe filter, and the PCA of samples was determined pre-and post-filtration. Filtration removed approximately 90% of total MVs, and also RBC-MVs; this change in RBC-MVs was associated with a change in AnnV+ MVs. The PCA of MVs was significantly increased during storage (p < 0.001), and filtration of samples induced a significant reduction in PCA (p < 0.001), indicating that the removal of MVs (especially AnnV+ MVs) from samples led to the loss of PCA. Our results are in accordance with a previous study published by Macey et al. [14] . They obtained the same results, showing that filtration of plasma removed 99.8% of MVs and correlated significantly with reduced thrombin generation. However, these finding were contrary to the report by Aung et al. [29] who concluded that depletion of MVs from packed RBC supernatant using 0.22 µm filters reduced the number of AnnV+ MVs but did not change CT and PCA post-filtration, indicating that particles smaller than 0.22 µm may increase the PCA. Furthermore, we found statistical associations between PCA and levels of AnnV+ MVs and also RBC-MVs. These findings are supported by previous studies that showed that the expression of PS on MVs is required for thrombin generation [24, 28] .
In summary, it can be concluded that storage of RBC concentrates under blood bank conditions is associated with important changes, resulting in significant numbers of MVs originating from RBCs, which have PCA that may affect post-transfusion survival and function of RBCs. This is especially important in the massive blood transfusion setting and also in critically ill patients. In addition, correct quantification and subsequent analysis of RBC-MVs in blood products may be clinically important to provide information about adverse clinical outcomes in transfused recipients. In addition, it can be suggested that removal of thrombogenic MVs from RBC concentrates may reduce the risk of transfusion-induced blood coagulation and improve the quality of blood products.
